The formation of chlorophyll triplet states during illumination of photosystem I reaction center samples depends upon the redox states -of P700, X and ferredoxin Centers A and B.
SUMMARY
The formation of chlorophyll triplet states during illumination of photosystem I reaction center samples depends upon the redox states -of P700, X and ferredoxin Centers A and B.
When the reaction centers are in the + --states P700 A 1 X Fd 8 FdA and P700 A 1 X Fd 8 -FdA-prior to ill~mination, we observe electron paramagnetic resonance (EPR) spectra from a triplet species which has zero field splitting parameters(IDI and lEI) larger than those of either chlorophyll a or chlorophyll .!!_monomer triplet, and a polarization which results from population of the triplet spin sublevels by an intersystem crossing mechanism. We interpret this triplet as arising from photoexcited chlorophyll antenna species associated with reaction centers in the states P700+FdA-and P700 +x-, respectively, which undergo de-excitation via intersystem crossing. When the reaction centers are in the states P700 A 1 X Fd 8 -FdA-and P700 A 1 X-Fd 8 -FdAprior to illumination, we observe a triplet species with a polarization which results from population of the triplet spin _ sublevels by radical pair recombination, and which has a ,,0,1 value similar to that of chlorophyll a monomer. We interpret this triplet {the RPP triplet) as arising from 3 P700 which has been populated by the process P700+A 1 ----? 3 P700 A 1 • We observe both the RPP triplet and the chlorophyll antenna triplet when the reaction centers are in the state P700 A 1 X Fd 8 -FdA-' presumably because the processes P700+ A 1 -x ---7 P700+ A 1 X-and P700+ A 1 -x ---t 3 P700 A 1 X have similar rate constants when Centers A and B are reduced,
. ' ...
. '• .. ,, 3 i.e., the forward electron transfer time ·from A 1 -to X is apparently much slower in the redox state P700 A 1 X Fd 8 -FdA-than it is in the state P700 A 1 X Fd 8 FdA.
The amplitude of the RPP triplet does not decrease in the presence of a 13.5 Gauss wide EPR signal centered at g = 2.0 which was recorded in the dark prior to triplet measurements in samples previously frozen under intense illumination. This g = 2.0 signal, which has been attributed to phototrapped A 1 (Heathcote et ~( 1979) FEBS Lett. 101, 105·) , corresponds to as many as 12 spins per P700 and can be photo-generated during freezing without causing any apparent attenuation of the RPP triplet amplitude. We conclude that species other than A 1 -contribute to the g = 2.0 signal • determined to have a halftime of 120 ms at 5 K, was attributed to the charge recombination between P700 and X. The faster phase has a halftime of about 1 ms at 5 K and was attributed to charge recombination between P700 and an additional acceptor, denoted
A 1 • The. simplest interpretation of these data is that when X is not reduced prior to measurement, one observes the process ~=120 ms at 5 K whereas when X is reduced prior to illumination, one observes . "
. . ' • .
• c 5 the process t=1 ms at 5 K However-, this hypothesis now appears to be questionable, partly because the mechanism of recovery by process (2) to the ground state P700 A 1 X has been shown to involve more than a single step. Frank et !.l_ [5] reported evidence that the molecular triplet state of P700 functions as an intermediate in
+ -
the P700 A 1 back reaction. They observed an EPR triplet from P700 whose polarization indicates that it has been populated during primary photochemistry from a radical pair precursor [5] .
In addition, the kinetic data are suggesti~e that photo-reduced A 1 -does not always transfer its electron to X when X is not reduced prior to photoexcitation. Sauer et al [3] reported that the 1 ms phase wa~ observed regardless of whether X was reduced prior to measurement, and Shuvalov et ~ [4] observed the 1 ms phase in samples poised at -625 mV, a potential at which X is not reduced prior to measurement. Thus,.
under the conditions of . these measurements, primary photochemistry would appear to be more complicated than the simple serial transfer of electrons from P700 to A 1 and then to X depicted in process {1).
With these mechanistic questions in mind, we studied the (Fig 2a) and photoreduction of Center A (Fig 1a) , as reported by Bearden and Malkin [13] . In sample (b), ferredoxin centers A and B are reduced by dithionite, but X is not (Fig 1b) , and there is not much signal in the g = 2.0 region present in the dark (Fig 2b) .
In sample (c), component X has been phototrapped in its. reduced state{Fig 1c)~ and there is a small signal centered at g = 2.0 with a linewidth of 13.5 Gauss (Fig 2c) . In sample (d), component X has. been phototrapped. in its reduced state, and a much larger 13.5 Gauss wide signal is present at g = 2~0 (Fig 2d) than is present in sample (c). We shall frequently refer to this photo-generated signal as 'the g = 2.0 signal •, to distinguish it from the photoinduced, 8 Gauss wide P700+ signal in samples like sample (a), which we shall call 'the P700+ signal'. and 3c are convolutions of these two triplets. Fig 3d shows ) as it has in sample (a) suggests that the reaction centers can achieve the state P70o+x-during illumination of sample (b). However, the state P700+X-has a 120 ms lifetime [4] and so the reaction centers return periodically to the ground state.
The observation of the RPP triplet in sample (b) suggests that every time a reaction center is excited, it has some probability that A 1 -will not transfer its electron to X but will instead undergo radical pair ·recombination to 3 P700. This can·happen only if the two rate constants are similar. Our argument is, of course, based on the assumption that the RPP triplet arises from P700+A 1 -pair recombination rather than from P700+ x-pair recombination. The latter process cannot give rise to a polarized triplet on P700 if the spin states of P70o+x-become Boltzmann populated before charge recombination populates the triplet on P700. The x-EPR signal is not saturated at 100 mW at 10 K, which suggests that its spin lattice relaxation time is not longer than a few microseconds. The spin lattice relaxation time of P700+ was reported to be 800ps at 10 K [21].
Thus, spin lattice relaxation will destroy any polarization on P7oo+x-within the 120 ms lifetime. Our argument is also based on the assumption that all of the light-induced P700+ signal in
arises from the P700 X state, rather than from nm to the recovery of changes in the spectrum of A 1 due to radical pair recombination to a triplet state, presumably 3 P700.
They also observed a 3ps component which they attributed to the 3 P700 lifetime. However, they noted that the amplitude and decay rate of the 10 ns component were the same regardless of whether X was reduced by exogenous donors and background illumination during the kinetics measurements. This result again suggests a similarity between the two rate constants for the processes of K;{b)frozen in the dark in the presence of 25 mM dithionite and 1 mM phenazine methosulfate at pH 10;{c)sample identical to sample {b) which was frozen under low intensity illumination;
(d)sample identical to s~mple {b) which was frozen under higher intensity of illumination. EPR spectrometer conditions: gain, 12,500 (Fig 1a) and 10,000 (Fig lb-1d) ; modulation amplitude, 20
Gauss; microwave power, 20 mW; microwave frequency, 9.16 GHz;
scan rate, 250 Gauss min-1 • •
